Homotypic and heterotypic interactions between Toll/interleukin-1 receptor (TIR) domains in Toll-like receptors (TLRs) and downstream adaptors are essential to evoke innate immune responses. However, such oligomerization properties present intrinsic difficulties in structural studies of TIR domains. Here, using BB-loop mutations that disrupt homotypic interactions, we determined the structures of the monomeric TIR domain-containing adaptor molecule (TICAM)-1 and TICAM-2 TIR domains. Docking of the monomeric structures, together with yeast two hybrid-based mutagenesis assays, reveals that the homotypic interaction between TICAM-2 TIR is indispensable to present a scaffold for recruiting the monomeric moiety of the TICAM-1 TIR dimer. This result proposes a unique idea that oligomerization of upstream TIR domains is crucial for binding of downstream TIR domains. Furthermore, the bivalent nature of each TIR domain dimer can generate a large signaling complex under the activated TLRs, which would recruit downstream signaling molecules efficiently. This model is consistent with previous reports that BB-loop mutants completely abrogate downstream signaling. A large number of TIR domain structures, including receptors and adaptors, have been determined by X-ray crystallography and NMR. The receptors include TLR1 (9), TLR2 (10), and IL-1R accessory protein-like (IL-1RAPL) (11). Adaptors include myeloid differentiation factor 88 (MyD88) (12) and MyD88 adaptorlike (Mal) (13, 14) . In addition, AtTIR (15, 16) derived from Arabidopsis thaliana and PdTIR (17) from bacteria have been solved. Each of these TIR domain structures has a ferredoxin fold with five β-strands (βA-βE), five α-helices (αA-αE), and loops connecting β-strands and α-helices (9). Although homotypic interactions of the TIR domains have been proposed based on the crystal structures, most proposed models have small interacting surfaces, possibly due to crystal contacts. Recently, however, a crystal structure of the TLR10 TIR domain was reported that forms a homotypic dimer mediated by the loop connecting βB and αB (designated "BB-loop") (18). Interestingly, BB-loop mutations in TLR4 were reported to be dominant-negative and abrogated downstream signaling (19). TICAM-1 and TICAM-2 harboring BB-loop mutations are also dominant-negative and unable to form homotypic interactions (1, 2), reinforcing the importance of BB-loop-mediated homotypic dimer formation in signal propagation.
Homotypic and heterotypic interactions between Toll/interleukin-1 receptor (TIR) domains in Toll-like receptors (TLRs) and downstream adaptors are essential to evoke innate immune responses. However, such oligomerization properties present intrinsic difficulties in structural studies of TIR domains. Here, using BB-loop mutations that disrupt homotypic interactions, we determined the structures of the monomeric TIR domain-containing adaptor molecule (TICAM)-1 and TICAM-2 TIR domains. Docking of the monomeric structures, together with yeast two hybrid-based mutagenesis assays, reveals that the homotypic interaction between TICAM-2 TIR is indispensable to present a scaffold for recruiting the monomeric moiety of the TICAM-1 TIR dimer. This result proposes a unique idea that oligomerization of upstream TIR domains is crucial for binding of downstream TIR domains. Furthermore, the bivalent nature of each TIR domain dimer can generate a large signaling complex under the activated TLRs, which would recruit downstream signaling molecules efficiently. This model is consistent with previous reports that BB-loop mutants completely abrogate downstream signaling.
innate immunity | TLR signaling | MyD88-independent pathway | TRAM | TRIF T he extracellular domain of toll-like receptor 4 (TLR4) specifically binds lipopolysaccharides (LPSs) from Gram-negative bacteria, inducing dimerization and leading to the dimerization of cytosolic Toll/interleukin-1 receptor (TIR) domains. This activated conformation of TLR4 recruits the TIR domain of a downstream adaptor molecule, TIR domain-containing adaptor molecule-2 (TICAM-2) [also known as TRIF-related adaptor molecule (TRAM)], that subsequently recruits the TIR domain of another adaptor molecule, TIR domain-containing adaptor molecule-1 (TICAM-1) [also known as TIR domain-containing adaptor inducing IFN-β (TRIF)] (1-3) at endosomes. Eventually this process activates IFN response factors and generates type-I interferons (IFNs) (4) (5) (6) (7) . Elucidation of the homotypic and heterotypic interactions between TICAM-1 and TICAM-2 is essential for understanding of TLR4-mediated type-I IFN generation (8) .
A large number of TIR domain structures, including receptors and adaptors, have been determined by X-ray crystallography and NMR. The receptors include TLR1 (9), TLR2 (10) , and IL-1R accessory protein-like (IL-1RAPL) (11) . Adaptors include myeloid differentiation factor 88 (MyD88) (12) and MyD88 adaptorlike (Mal) (13, 14) . In addition, AtTIR (15, 16) derived from Arabidopsis thaliana and PdTIR (17) from bacteria have been solved. Each of these TIR domain structures has a ferredoxin fold with five β-strands (βA-βE), five α-helices (αA-αE), and loops connecting β-strands and α-helices (9) . Although homotypic interactions of the TIR domains have been proposed based on the crystal structures, most proposed models have small interacting surfaces, possibly due to crystal contacts. Recently, however, a crystal structure of the TLR10 TIR domain was reported that forms a homotypic dimer mediated by the loop connecting βB and αB (designated "BB-loop") (18) . Interestingly, BB-loop mutations in TLR4 were reported to be dominant-negative and abrogated downstream signaling (19) . TICAM-1 and TICAM-2 harboring BB-loop mutations are also dominant-negative and unable to form homotypic interactions (1, 2) , reinforcing the importance of BB-loop-mediated homotypic dimer formation in signal propagation.
Despite extensive structural studies, it is not known why homotypic interactions are essential for downstream signaling (20) (21) (22) (23) (24) (25) (26) (27) . To address this issue, it is necessary to discriminate residues required for homotypic and those required for heterotypic interactions. Here, we first determine the structures of the monomeric BB-loop mutants of the TICAM-1 and TICAM-2 TIR domains using NMR. Then, based on the solution structures of the BB-loop mutants, coupled mutagenesis/yeast two-hybrid experiments, and restrained docking calculations, we show that the homotypic interaction of TICAM-2 TIR is essential to form a scaffold for recruiting the TICAM-1 TIR domain.
Results

Monomerization of the TICAM-1 and TICAM-2 TIR Domains by BB-Loop
Mutations. The TIR domains of TICAM-1 (387-545) and TICAM-2 (75-235) (Fig. 1A) oligomerized and precipitated in aqueous solution at ∼200 μM concentration, so monomerization was Significance Toll/interleukin-1 receptor (TIR) homology domains mediate the downstream signaling of Toll-like receptors (TLRs), but the molecular mechanism of the signal transduction is elusive on the structural basis. Here, we determined the structures of TIR domain-containing adaptor molecule (TICAM) 1 and TICAM-2 TIR domains and demonstrated their homotypic and heterotypic interaction surfaces. Both TICAM-1 and TICAM-2 TIR domains form a BB-loop-mediated homodimer. The dimerization of TICAM-2 TIR presents an interaction surface for TICAM-1 TIR. The present result is consistent with the notion that the BB-loop mutant is dominant negative and that dimerization of upstream TIRs is crucial for recruiting downstream TIRs. indispensable for structure determination by NMR. BB-loop mutants of TICAM-1 and TICAM-2 are known to be dominant-negative and unable to form homotypic interactions (1, 2) . Thus, we prepared P434H and C117H (P116H) mutants of the TICAM-1 and TICAM-2 TIR domains, respectively (Fig. 1B) [hereafter designated TICAM-1 P434H and TICAM-2 C117H (TICAM-2 P116H)] and analyzed their homotypic interactions using yeast two-hybrid experiments. Yeast two-hybrid experiments showed that the homotypic interaction is disrupted by the BB-loop mutation (Fig. 1C) , consistent with previous reports (1, 2) and NMR observation of both wild types and BBloop mutants (SI Text and Fig. S1 ).
NMR Structures of the TICAM-1 P434H and TICAM-2 C117H Mutants.
The solution structures of the TICAM-1 P434H and TICAM-2 C117H mutants were determined based on distance and dihedral angle constraints. Structural statistics for the final 20 conformers of each protein are summarized in Table S1 . The core structures, consisting of residues other than the BB-loops and N-terminal and C-terminal regions, were well defined. The root-mean-square-deviation (rmsd) of the core backbone atoms (Cα, N, C′) of TICAM-1 P434H (395-427 and 442-527) and TICAM-2 C117H (83-110, 132-215) were 0.45 Å and 0.50 Å, respectively ( Fig. 2 A and B) . The global structures of both mutants were comprised of five parallel β-strands surrounded by six or seven α-helices and loops that connect β-strands and α-helices. Following the conventional nomenclature for TIR domains, the five strands in TICAM-1 were designated βA(397-400), βB(424-427), βC(451-455), βD (486-491), and βE(511-514), and the six helices in TICAM-1 were designated αA(406-419), αB(441-449), αC(462-474), αD (501-507), αE(520-528), and αE′(530-538) with a kink at residue 529 (Fig. 2C) . Similarly, TICAM-2 C117H also contained five strands designated βA(81-85), βB(109-112), βC(134-138), βD(169-173), and βE (193) (194) (195) ) and seven α-helices, designated αA(90-101), αB(125-129), αC(142-152), αC′(156-161), αD (186-191), αE(202-210), and αE′(212-232) (Fig. 2D) . In both structures, the conformation of the BB-loop was not well defined due to broadening of the NMR signals, resulting in insufficient NOE distance restraints. (Fig. 2 A and B) .
Electrostatic surface potentials of TICAM-1 P434H and TICAM-2 C117H are shown in Fig. 2 E and F, respectively. TICAM-1 P434H has an extensive basic surface comprised of αE (Arg522, Lys523) and αE′ (Lys529, Arg532, Arg536, Lys537, Arg541, Lys542). In contrast, TICAM-2 C117H has an extensive acidic surface comprised of the AA-loop (Glu87, Asp88, Asp89) and the αA-helix (Asp91, Glu92, Asp102, Asp103).
A Dali search (28) revealed that the structure of the TIR domain of TICAM-1 is most similar to that of TICAM-2, with a z-score of 9.6 and an rmsd of 3.8 Å for the structured region (Cα 122 atoms), followed by the TIR domains of TLR2 (z-score 9.2), TLR1 (z-score 8.8), TLR10 (z-score 8.7), IL-1RAPL (z-score 8.5), and MyD88 (z-score 7.5). A structural superposition was made to align the secondary structures and functionally important residues in TICAM-1, TICAM-2, and other TIR domains using the MATRAS program (29, 30) (Fig. S2) . Intriguingly, the residues that form an extensive acidic surface in the TICAM-2 TIR domain and an extensive basic surface in the TICAM-1 TIR domain are not conserved in other TIR domains, suggesting that these residues might be responsible for specific interaction between TICAM-1 and TICAM-2.
Acidic Region of TICAM-2 and Basic Region of TICAM-1 Are Essential for Heterotypic Interaction. To investigate heterotypic interactions between the TICAM-1 and TICAM-2 TIR domains, further yeast two-hybrid experiments were carried out (31) . Because previous studies showed that oligomerization of the TICAM-2 TIR domain is essential for its interaction with the TICAM-1 TIR domain (1, 2, 27) , the wild-type TICAM-2 TIR domain was used as bait, and the TICAM-1 TIR domain mutants were used as prey. To search for residues that are essential for the interaction with TICAM-2, basic residues within TICAM-1 αE and αE′-helices were selected and mutated to alanine in the first round of two-hybrid experiments. The TICAM-1 mutants harboring the BB-loop mutation, P434H/R512A, P434H/K529A, and P434H/R532A, could interact with TICAM-2, but the mutants R522A/K523A and P434H/R522A/K523A could not (Fig. 3A) . These results indicate that Arg522 and Lys523 of TICAM-1, but not Pro434, Arg512, Lys529, and Arg532, are crucial for direct interaction with TICAM-2, consistent with the observation that TICAM-1 oligomerization is not required for interaction with the TICAM-2 TIR domain. We designated the region involving Arg522 and Lys523 the "RK site." Actually, Pro434 is located on the opposite side of the RK site in TICAM-1, indicating that the homotypic and heterotypic interaction sites in the TICAM-1 TIR domain are distinct (Fig. 3B) . Interestingly, the BB-loop mutant could still interact with wild-type TICAM-2, implying that monomeric TICAM-1 retains its ability to bind to the TIR domain of the TICAM-2 wild-type dimer.
After finding two basic residues in the TICAM-2 binding surface of TICAM-1, we searched for acidic residues in TICAM-2 that complemented the interaction. Arrays of two or three acidic residues from the TIR domain of TICAM-2 (E87/D88/D89 in the AA-loop, D91/E92 in the N-terminal side of the αA-helix, D102 / D103 in the C-terminal side of the αA-helix, D126/D127 in the αB-helix, and E197/E198 in the EE-loop) were substituted with alanine. Yeast two-hybrid analyses showed that TICAM-2 mutants bearing E87A/D88A/D89A and E197A/E198A could not grow completely on SD-LWHA medium due to disruption of their interaction with wild-type TICAM-1 (Fig. 3C) , suggesting that the acidic cluster consisting of residues Glu87/Asp88/Asp89 in the AA-loop and Glu197/Glu198 in the EE-loop of the TICAM-2 TIR domain might be responsible for association with the TICAM-1 TIR domain (Fig. 3D, in magenta) . However, in yeast two-hybrid experiments, it is generally difficult to distinguish mutations that disrupt the protein interaction surface from those that disrupt the tertiary structure. To discriminate these two scenarios, the mutant proteins were expressed and subjected to gel-filtration chromatography. We showed the results in SI Text and Fig. S3 .
Coupled Mutations Identify Additional Binding Sites. Because dimer formation of the TICAM-2 TIR domain is indispensable for interaction with the TICAM-1 TIR domain, we used TICAM-2 TIR domain mutants that harbored no BB-loop mutations in the following yeast two-hybrid experiments. Because the β-strands formed a core structure surrounded by α-helices and loop regions, the residues in the β-strands would be expected to stabilize the structure of the TIR domain. Thus, we applied mutations to the exposed surface residues located on α-helices or loops, based on the NMR structure of TICAM-2 C117H (Fig. S4) and studied further interaction sites between the TICAM-2 and TICAM-1 TIR domains using yeast two-hybrid experiments. The heterotypic interaction between the TICAM-2 wild type and the TICAM-1 mutants was studied using an SD-LWH medium where the 3AT concentration is successively increased (Fig. 4A) . Tables S2 and S3 list the results of the yeast two-hybrid experiments. Only TICAM-2 mutants involving residues on the CC′-loop between the αC and the αC′ helices showed reduced affinity for TICAM-1 as is summarized in Fig. 4A . First, the interaction of the F153A/Y154S, Y154S/T155A, and T155A/S156A mutants of the TICAM-2 TIR domain was studied with the wild type of the TICAM-2 TIR domain, showing that these mutants retain the homotypic interaction with the TICAM-2 wild type (Fig. 4A, right lane) . Next, these mutants were applied to the yeast two-hybrid analyses to study heterotypic interactions with wild-type TICAM-1 and TICAM-1 P434H. Considering that monomeric TICAM-1 P434H can interact with the TICAM-2 dimer, the contact residues should be located near the RK site. Thus, we selected Gln518 and Ile519 on the EE-loop and αE-helix as further candidates for interaction with the TICAM-2 TIR domain. Among the TICAM-2 TIR domain mutants F153A/Y154S, Y154S/T155A, and T155A/S156A, only the T155A/S156A mutant on the CC′-loop showed reduced interaction with wild type, P434H, and P434H/Q518A/I519A TICAM-1 mutants in a 3AT dose-dependent manner, with higher growth inhibition for the P434H/Q518A/I519A mutant. This result implied that Thr155 and Ser156 in TICAM-2 (designated the "TS site") and Gln518 and Ile519 in TICAM-1 (designated the "QI site") are also involved in the heterotypic interaction (Fig. 4A) . Intriguingly, the TS site in blue and the EDD site in magenta are located on opposite sides of the TICAM-2 TIR domain (Fig. 4B) . In TICAM-1, the interacting residues with the TICAM-2 TIR domain are located on the RK site (in cyan) and QI site (in white), which form a wedge-like shape on the TICAM-1 TIR domain surface (Fig. 4C) . Fig. S5 ).
As shown in Fig. 5 , the heterotypic interaction sites on TICAM-2 in the top-ranked model involve the acidic surface of the EDD site on the first TICAM-2 chain and the TS site on the second TICAM-2 chain, located on the opposite side (Fig. 5A) . Significantly, the TICAM-2 homo-dimer positions the EDD and TS sites next to each other (Fig. 5A) , forming a concave surface that can accommodate the TICAM-1 TIR domain. The interaction site on TICAM-1 includes the RK site on the αE-helix and the QI site on the EE-loop, which are located on the top of the wedge (Fig. 5A ). In the top-scoring model, all 7 mutations that abrogated TICAM-2/TICAM-1 binding and 30 out of the 31 mutations that did not affect TICAM-2/TICAM-1 binding were recapitulated in the binding energy calculations (Table S4 ). The TICAM-2 dimer is symmetrically related by a twofold axis along the BB-loop and is maintained by the BB-loop and αC-helix interactions, respectively, consistent with the TLR10 dimer structure (Fig. 5B) .
The top view of the interaction surface between the TICAM-2 dimer and the TICAM-1 monomer is shown in Fig. 5C , where the binding surface of TICAM-2 is represented by the electrostatic surface potential and TICAM-1 by a ribbon model. As shown in the figure, the RK site interacts with the acidic surface of the EDD site, and the QI site with the TS site (Fig. 5C ).
Reporter Gene and Binding Assays Using Full-Length TICAM-1 and TICAM-2 Mutants. Based on the yeast two-hybrid analysis, we constructed mammalian expression vectors coding the wild type and various mutants of TICAM-2 and TICAM-1 and measured their IFN-β promoter activation abilities by reporter gene assays. Forcedly expressed wild type TICAM-2 activated the IFN-β promoter in HEK293FT cells in a dose-dependent manner (Fig.  6A) . In contrast, the TICAM-2 EDD-site mutant E87A/D88A/ D89A failed to activate the IFN-β promoter (Fig. 6A) . Overexpressed TICAM-2 undergoes homo-dimerization, which in turn recruits TICAM-1, resulting in activation of the IFN-β promoter. Therefore, we next analyzed TICAM-2-TICAM-1-dependent IFN-β promoter activation in the presence of limiting amounts of TICAM-1. A marked enhancement of TICAM-1-mediated IFN-β promoter activation was observed with wild-type TICAM-2, and to a lesser extent with the EDD-site TICAM-2 mutant (Fig. 6B) . In the case of TICAM-1, the RK-site mutant (R522A/K523A) only weakly activated the IFN-β promoter (Fig. 6C) , consistent with the predicted electrostatic interaction between the acidic surface of the TICAM-2 TIR domain and the basic surface of TICAM-1 observed in the yeast two-hybrid experiments and the docking model. We also measured the NF-κB activation abilities of the EDD-site mutant of TICAM-2 (Fig. S6) . Both IFN-β and NF-κB promoter assays demonstrated that the TICAM-2 EDD-site mutant suppressed both signals.
To confirm that the TICAM-2 EDD site is involved in the binding of TICAM-1 TIR domain, a coimmunoprecipitation assay was performed in HEK293FT cells. Although the expression level of TICAM-1, the TICAM-2 wild type, and the TICAM-2 EDD mutant in HEK293FT cells was similar (Fig. S7, Lower) , the affinity between the TICAM-2 mutant and TICAM-1 was much reduced compared with that between the TICAM-2 wild type and TICAM-1 (Fig. S7, Upper) . All of the data suggest that the reduced IFN-β promoter activity of the TICAM-2 EDD mutant was due to its reduced affinity to TICAM-1.
Discussion
The oligomerization properties of TIR domains are closely related to their biological functions. This study presents challenges for structural analysis by NMR. Here, we applied dominantnegative BB-loop mutations to the TICAM-1 and TICAM-2 TIR domains that disrupted the oligomerization. To study the interaction between TICAM-1 and TICAM-2 TIR domains, we used yeast two-hybrid experiments in combination with monomeric structural information. Although the yeast two-hybrid method can produce false positives, we could eliminate such false positives by structural analysis of the BB-loop mutants together with gel-filtration studies of the expressed proteins. Using this approach, we identified two binding regions, the EDD site and the TS site, located on the opposite sides of TICAM-2. Our docking calculations, based on yeast two-hybrid data, revealed a TICAM-2 TIR homo-dimer that assumed a twofold axis of symmetry around the BB-loop, similar to the TLR10 TIR domain structure. Importantly, the two binding regions revealed by the yeast two-hybrid experiments are spatially close in this TICAM-2 homo-dimer structure (Fig. 5A ). Heterotypic interaction sites on the TICAM-1 TIR domain could also be elucidated by our approach, which indicated that the RK and QI sites are responsible for interaction with TICAM-2. It is notable that this heterotypic interaction does not require dimer formation of the TICAM-1 TIR domain. In our restraint-driven docked model, the wedgeshaped surface containing the RK and QI sites binds to the concave surface formed by the EDD and TS sites belonging to different TICAM-2 TIR domains ( Fig. 5 A and B ). An important conclusion derived from the present study is that the homo-dimerization of the TICAM-2 TIR domains presents a surface that recruits the monomeric moiety of the TICAM-1 TIR domain. In our previous reports, we showed that TLR4 binds the TICAM-2 wild type, but the interaction is disrupted by the BB-loop mutation of TLR4, whereas the BB-loop mutant of TICAM-2 still binds to TLR4 wild type based on the yeast twohybrid experiments (1). We also showed that the TICAM-1 BBloop mutant still interacts with the TIR domain of TLR3 wild type (27) . Taken together, these results suggest a unique paradigm in which dimer formation of the upstream TIR domain is essential for recruitment of the monomeric moiety of the downstream TIR dimer. Consistent with this paradigm, BB-loop mutants of TLR3 and TLR4 as well as TICAM-1 and TICAM-2 completely abrogate downstream signaling.
It is notable that the myristoylation of TICAM-2 at the N terminus is essential for its localization on the plasma membrane or endosome, and colocalization with TLR4 (32) . Interestingly, according to the present TICAM-2 TIR dimer model, the N termini of both TICAM-2 TIR domains are oriented in the same direction, permitting anchoring of the TICAM-2 dimer to the membrane.
A current consensus is that LPS on the surface of Gramnegative bacteria induces clustering of TLR4, leading to formation of the active TLR4 TIR dimer, which triggers activation of the MyD88 and TICAM-1 pathways. Recently, the structure of the Myddosome, a molecular complex mediated by the death domains of MyD88, IRAK4, and IRAK1/2, was determined (33) (34) (35) . This TICAM-1/2 structural study, on the other hand, would allow us to speculate a model that the TLR4 TIR dimer bridges the TICAM-2 TIR dimer, which further couples with the TICAM-1 TIR, generating an extended signaling network downstream of TLR4. The present work proposes a key for future analysis about an IFN-inducing signaling complex in the context of TLR4-mediated LPS signaling. Recent studies showed the importance of lateral TLR3 clustering mediated by TICAM-1 for downstream signaling (36) , consistent with our model.
Our reconstitution study revealed that the TICAM1/2 heterodimer formation is reproducible in HEK293FT cells and that TICAM-2 EDD mutant has less ability to recruit TICAM-1 than wild type (Fig. S7) . Reporter activity reflecting IFN induction is accordingly decreased (Fig. 6) . Thus, the proposed model is at least right in the formation of the two-adaptor complex. However, herein we only abstracted the complex of TICAM-1 and TICAM-2 from the IFN-inducing axis of LPS signaling of TLR4, which consists of an array of many different molecules. Reconstituting the optimal LPS-IFN signal axis in human TICAM-2 knockout cells will be required to test physiological importance of the TICAM-2 EDD domain. 
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